Objective: The use of noninvasive ventilation (NIV) for newborns requiring respiratory support in delivery room (DR) is recommended. However, the details related to such use are not well established. A bench investigation on the performance of available NIV equipment was conducted. Methods: Two T-piece resuscitators (TPRs) and three ventilators were tested with a Neonatal Lung Simulator which is capable of recording the pressure, flow, and volume. We measured the pressurization and delivered volume (DV) of nasal continuous positive airway pressure (nCPAP), bubble CPAP (bCPAP)/nasal high-frequency ventilation (nHFV), and synchronized nasal intermittent positive pressure ventilation (SNIPPV) in apneic and breathing models. Temperature and absolute humidity (AH) at the Y-piece were checked for 10 minutes in each setting while the Y-piece on an open bassinet or in a preheated incubator. Results: The pressurization was well achieved with every combination except for TPRs on nCPAP. DV was well provided using bCPAP/nHFV and SNIPPV in the breathing model. With bCPAP, DV decreased significantly in apneic model. On the bassinet, temperature and AH dropped to ambient temperature and approximately 25 mgH 2 O/L within 4 minutes, respectively. In the incubator, temperature and AH on all pre-humidified machines were maintained above 34°C and 30 mgH 2 O/L for 5 minutes, respectively. Those without pre-humidification were below 30°C and less than 20 mgH 2 O/L, respectively. Conclusion: Other combination of device/equipment than TPR tested seemed more feasible for nCPAP. The use of equipment with backup ventilation and heated-humidified gas in preheated incubators would be more appropriate NIV for premature infants in DR and during transport.
Introduction
For spontaneously breathing preterm infants requiring respiratory support, initial use of noninvasive ventilation (NIV) rather than routine intubation in the delivery room (DR) has become increasingly recommended to decrease the rate of intubation, the need for surfactant replacement therapy, and the duration of mechanical ventilation with the potential benefit of reduction of mortality. 1, 2 Nasal continuous positive airway pressure (nCPAP) is the most commonly used form of NIV. 3 Early initiation of nCPAP after birth regardless of respiratory status in the preterm infant resulted in the reduction of the incidence of bronchopulmonary dysplasia (BPD) without adverse effects [4] [5] [6] in spite of the reports of a higher incidence of pneumothorax in multicenter studies. 7 The use of NIV is thought to result in less alveolar injury compared with mechanical ventilation via an endotracheal tube. Administration of surfactant using the Intubation-Surfactant-Extubation procedure requires endotracheal intubation. Thus, less invasive approaches without endotracheal www.e-kjp.org Perinatology intubation, such as the technique of minimally invasive surfactant therapy in spontaneous breathing preterm infants with nCPAP, is being applied more frequently based on the premise that avoidance of any positive pressure ventilation may be beneficial. [8] [9] [10] [11] Most recent neonatal resuscitation guidelines recommend techniques to minimize heat loss in the DR. The use of warmed humidified resuscitation gases is the standard of care for preterm infants. [12] [13] [14] Moreover, delivery of cold, dry gases may lead to inspissated secretions and airway obstruction, meta plastic changes of the nasal epithelium, and nasal mucosal in jury. 15 Even short periods of exposure to inadequate humidification can lead to changes in lung function, particularly in preterm neonates. 16, 17 Therefore, it is crucial to deliver heated humidified gases during neonatal resuscitation and transport. 18, 19 Various methods of NIV are available including bubble CPAP (bCPAP), synchronized noninvasive intermittent positive pressure ventilation (SNIPPV) and nasal high-frequency ventilation (nHFV). There are also possible variations of use including differ ences in pressure and interface devices. In general, ma- 
Simulation and measurement
The neonatal active lung model was used to simulate sponta- ies. [21] [22] [23] [24] The airway pressures and the delivered volume (DV) with or without simulated self-breathing were measured for 
3) SNIPPV mode
The medinCNO ® was set with an inspiratory flow of 4 lpm, a basal flow of 7 lpm, and backup ventilation for apneic episodes.
Backup ventilation was set at a respiratory rate of 60 with the same flow rate. The Sophie ® was set to a peak inspiratory pressure (PIP) of 15 cmH 2 O and a PEEP of 5 cmH 2 O. Backup breathing in the absence of spontaneous breathing was set to a respiratory rate of 60 at the same pressure setting. The maximum, minimum, and mean pressures were measured. Means and standard deviations were calculated to ensure that the set values were maintained.
Temperature and absolute humidity (AH) measurement
The temperature and humidity were checked at the proximal sensor on the Y-piece using the PMH8000 (Pacific Medico ® Co. Ltd., Tokyo, Japan). Since the TPRs have no internal humidifier, a 10 lpm of cold, dry oxygen was connected to the inlet opening and measurement was performed at the proximal sensor inside the incubator. For the F&P 
Statistic and data analysis
A statistical description was performed using MedCalc version 18 (MedCalc Software, Ostend, Belgium). All measured and calculated data are presented as means and standard deviations.
Results

nCPAP mode
The set CPAP pressure was better maintained in the medin CNO ® and the Sophie ® than with the Neopuff TM and NeoPIP TM .
The DV was similar in all equipment ( 
bCPAP/nHFV mode
In the bCPAP or nHFV modes, unlike in nCPAP, the DVs were produced by the oscillatory pressure even during the non-breathing period ( Perinatology breathing, contrary to the bCPAP mode in which the DV was variable (Fig. 2) . In the bCPAP, the mean pressure was well established at a PEEP of 7 cmH 2 O with a flow of 7 lpm which is the common setting for bCPAP. In the medinCNO ® , the nHFV mode produced more DV than with nCPAP mode.
SNIPPV
The SNIPPV mode has a sufficient supply of tidal volume compared to the other two modes. There was no difference in DV according to device combination. The SNIPPV produced the highest DV at the same pressure. Volume delivery was better achieved during self-respiration (Table 4 ).
Temperature and humidity changes
When the ventilator circuit and proximal sensor were placed on the open bassinet, the temperature acutely dropped from However, when the circuit and sensor were placed inside the preheated incubator, the temperature and humidity were maintained for at least 5 minutes and gradually dropped (Fig. 3) .
Mean temperature and AH remained higher during nCPAP with the Sophie ® . With TPR, which was not capable of supplying heated-humidified air, the temperature remained below 30°C.
When the Sophie ® was not preheated-humidified, the tempe rature remained around 30°C even when the proximal sensor was kept inside the incubator.
Discussion
The most critical action in the resuscitation of a depressed newborn in the DR is to establish effective ventilation. 2 NIV is considered the optimal method of providing respiratory assistance to breathing preterm babies. 25 Although nCPAP is widely used in neonates as it is less injurious to the lung, the protocol for its use during transport has not yet been established.
This study evaluated several combinations of NIV machines and devices regarding pressurization, volume delivery, and the changes in the temperature and humidity in simulated transport conditions. We found that there were mode-specific differences
in the performance characteristics of tested combinations of equipment/devices. For the nCPAP mode, the medinCNO ® and the Sophie ® showed better pressurization than the two TPRs.
Volume delivery was better achieved by the SNIPPV mode than the nCPAP or nHFV. When the ventilator circuit was placed inside the preheated incubator, the temperature and AH on preheated-humidified settings maintained for up to 5 minutes, then gradually dropped.
We found the TPRs did not reach the predetermined target pressure and could not provide tidal volume in the apneic situation. The measured delivered CPAP level in the NeoPuff TM was lower in the simulated breathing condition compared to the apneic condition. This phenomenon may be due to that the TPR did not have the ability to compensate the negative Fig. 2 . The waveforms of mean airway pressure (gray), airflow (dark gray) and delivered tidal volume (black) recorded by a lung simulator during non-breathing in the F&P bubble CPAP system (Fisher & Paykel Healthcare Ltd., Auckland, New Zealand). The pressure was set at 7 cm, and the flow was set at 7 liter/min. The pressure waveform of bCPAP showed intermittent increased pressure which was thought to be aroused by the water movement in the exhalation limb of the cir cuit. The waveform exhibited approximately 8 Hz frequency waves. MAP, mean airway pressure; TV, tidal volume; bCPAP, bubble continu ous positive airway pressure. Perinatology respiratory drive on self-respiration. Also, even though the circuit and sensor were placed inside the preheated incubator, the TPR without the extra/external humidifier could not supply adequately heated-humidified air. Directly connecting humidified oxygen to the inlet of the TPR is not recommended be cause of the accumulation of water droplets in the TPR which can possibly lead to infection and malfunction of the devices. A study of preterm infants born less than 33 weeks of gestation showed more hypothermia on admission if they received positive pressure ventilation in the DR with unheat ed gas and if they received respiratory support during trans port to the NICU. 26 Another study reported that there is an increased incidence of pneumothorax and severity of BPD in infants <1,500 g exposed to cold, dry gas. 17 During stabilization and transport while using a TPR, gas conditioning by the external humidification chamber and the heated patient cir cuit is available and beneficial. 27 However, another bench study found the temperature at the T-piece, distal probe and humidifier chamber did not reach the target values described in the operator's manual. 18 The clinical application of TPR would be limited, due to the limited time available and a more laborious setup of extra/ external humidifier and circuit. Clinicians need to be aware of differences in the efficacy of heating and humidification when choosing modes of NIV.
We measured the temperature and humidity via the PMH8000 widely used in Japanese NICUs. The PMH8000 has an integral temperature and humidity probe equipped with monitoring and control of temperature and RH. According to the manu- www.e-kjp.org Perinatology facturer, this device is reported to be accurate to within ±0.5°C temperature and ±1.0% RH. The probe was positioned within the Y connector, such that the sensor of the probe was held in the center of the gas flow. The amount of water vapor in a gas mixture can be expressed as AH or RH at a certain temperature.
AH is the total water present in the gas (mgH 2 O/L), and RH is the amount of water present as the percentage of maximum carrying capacity at a given tem pera ture. The human airway must pro vide gas at core tempera ture and 100% RH at the alveolar surface to optimize gas exchange and protect lung tissue. 28 At body temperature (37°C), the air has an AH of 44 mg/L if 100% saturated (100% RH), whereas at 30°C, the air has an AH of 30 mg/L. 19 The In ternational Organization for Standardization specifies that for all patients with an artificial airway, humidifiers must deliver an AH of ≥33 mgH 2 O/L. Because NIV is usually delivered through a nasal or oro-nasal interface, the inspired gas is conditioned through the upper airway. For spontaneously breathing non-intubated premature infants, it is unclear what the target temperature and RH should be where the nasal mu cosa and upper respiratory tract are exposed to the delivered gas. Hospital gas delivery systems supply only cold and dry gas, with a tem perature of approximately 23°C and an RH of less than 5%. 29 During neo natal respiratory support with a heated humidifier, condensation following decreases in temperature within the inspiratory cir cuit would become serious problems by reducing AH and the complication induced by the water droplets. The delivery of optimally humidified gas to the lungs would be limited because of the reduced AH in the gas. 30 When the water droplets get in the airway of the in fants, it would cause accidental lavage, peripheral airway ob struction, reduced mucus transport, and surfactant dilution in those airways. 28 The humi dity in a ven tilator circuit is easily affected by the temperature around the circuit. Consequently, a temperature drop induces a decrease in AH in the ventilator circuit. 31 Therefore, even in a preheated circuit, it is necessary to keep the circuit in the incubator to maintain the circuit warmth and humidity during transport.
In the present study, we simulated a single model with low In our preliminary test, the pressures generated by cylinder oxygen and air were not different from those of the wall oxygen/air supplies. Additionally, the amount of gas consumption was well correlated with the expected amount of consumption pre dicted by the formula described in the pre vious study (data not shown). 33 The F I O 2 was not measured because a calibrated oxygen blender and calibrated instrument were used.
bCPAP transmits small-amplitude, high-frequency pressure around the MAP and may be more beneficial than nCPAP to aid in lung recruitment and to improve gas exchange. 34 Infants on bCPAP have been reported to have chest wall vibrations similar to those with HFV. 35 Our study also showed that the bCPAP or nHFV modes produce proper DV even in apnea by the pressure difference due to vibration. However, unlike nHFV through a mechanical ventilator, bCPAP systems cannot provide variable flow at the nares. 22 Interestingly, the pressure waveform of bCPAP showed intermittent increased pressure which was thought to be aroused by the water movement in the exhalation limb of the circuit (Fig. 2) Perinatology in both testing combination of different interfaces. However, DV decreased significantly in the apneic model, unlike the nHFV and SNIPPV modes. We guess bCPAP would be a useful equipment/device for transporting premature infants with spontaneous breathing from DR to NICU and using continuously in NICU. However, there was one report showing that bCPAP was associated with greater breathing asynchrony and high er work of breathing than variable flow nCPAP devices in premature infants. 38 On the other hand, using graphic monitor in NIV with mechanical ventilator was shown to be effective in reducing a significant leak, acquiring better adjustments, and achieving a lower rate of excessive DV by enabling feedback on delivered pressures and volumes. 39 Additionally, NIV with mechanical ventilator can be quickly switched to invasive ventilation when escalation of respiratory support is required after NICU admission.
This study evaluated the equipment and devices at settings commonly used in the neonatal unit. However, the limitation is that the study was performed on a simulating model. Our study did not have a leak in the system. Whatever the type of interface used, variable leaks will always be present in the clinical application, because of imperfect fitting, mouth opening, and infants' movements. These limitations should raise caution regarding the translation of the exact pressurization and DV results into neonates, whose lung mechanics may also differ.
Another limitation was that the F I O 2 was not tested although humidity of the delivered gases during NIV may be influenced by F I O 2 . 40 Further studies should be performed to assess the ergonomics of these equipment/devices in an actual clinical situation. We did not intend to make comparisons between devices within a similar category. We were not able to guide the setting of inspiratory pressure on the ventilator. Our purpose is to evaluate the performances and general characteristics of each NIV ventilator in simulated transport situation before clinical uses. Clinicians should be aware of the differences found among these ventilators when choosing these important devices for transport.
In conclusion, each combination of equipment and devices was capable of supplying tolerable pressure and volume, except
TPRs. TPRs without a humidifier or mechanical ventilators with a non-preheated humidifier could not deliver the proper temperature and humidity during resuscitation and transport.
Por table cylinders, preheated humidifier, and an in cuba tor are recom mended for continued respiratory support with NIV when trans port ing an infant from the DR to the NICU. Equipment with backup ven tilation and variable flow capabilities should be used in pre term infants with an unstable respiratory drive.
